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Edited by Lev KisselevAbstract Diﬀerent DNA selectivity was found for the newly
synthesized europium–L-valine complex. Unexpected DNA and
RNA selection results showed that europium–L-valine complex
can cause single-stranded polydA and polyrA to self-structure.
The sigmoidal melting curve proﬁles indicate the transition is
cooperative, similar to the cooperative melting of a duplex
DNA. This is diﬀerent from another europium amino acid com-
plex, europium–L-aspartic acid complex which can induce B-Z
transition under the low salt condition. To our knowledge, there
is no report to show that a metal–amino acid complex can cause
the self-structuring of single-stranded DNA and RNA.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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dichroism1. Introduction
Due to a unique 4fn electronic conﬁguration, lanthanide
materials have been widely used as probes in luminescent res-
onance energy transfer (LRET) for bioassays and as reagents
for diagnosis in magnetic resonance imaging (MRI) [1–5]. As
chemical nucleases, lanthanide complexes have also shown a
high eﬃciency to hydrolyze DNA and RNA without redox
chemistry [6,7] There is great interest in the design and syn-
thesis of small molecules which selectively target speciﬁc
genes to inhibit biological functions in which particular
DNA structures participate [8–15]. For example, new drugs
could potentially be designed to bind to unique structural re-
gions in mRNA and thereby regulate gene expression. All
mRNAs have a number of adenylate residues at their 3 0-
end, the polyrA tail. The long polyrA tail is an important
determinant of mRNA stability and maturation, and is essen-
tial for the initiation of translation [16,17]. PolyrA polymer-
ase (PAP) catalyzes 3 0-end polyrA synthesis, participates in
an endonucleolytic cleavage step, and is one key factor in
the polyadenylation of the 3 0-end of mRNA. Neo-PAP, a re-
cently identiﬁed human PAP, is signiﬁcantly over expressed in
human cancer cells in comparison to its expression in normal*Corresponding author. Fax: +86 431 5262656.
E-mail address: xqu@ciac.jl.cn (X. Qu).
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doi:10.1016/j.febslet.2006.05.046or virally transformed cells [18,19], and may represent a tu-
mor-speciﬁc target. Drugs capable of recognizing and binding
to the single-strand A-rich regions of mRNA might interfere
with the full processing of mRNA by PAP and would repre-
sent a new type of potential therapeutic agent. We are report-
ing the newly synthesized europium–L-valine complex can
facilitate the self-structuring of single-stranded nucleic acid
polydA and polyrA.2. Materials and methods
2.1. Synthesis and crystallization of [Eu8(L-Val)16(H2O)32]Cl24
Diﬀerent types of amino acids (about 2 mmol) were added as solid
individually in an aqueous solution of EuCl3 (0.1 M, 20 ml) prepared
by dissolution of Eu2O3 [20]. The amount of amino acids was slightly
less than that of EuCl3. With stirring, an aqueous NaOH solution
(0.5 M) was added dropwise to the above solution until pH 7.0. After
stirred in a thermostat (333 K) for 6 h, the mixture was ﬁltered and the
ﬁltrate was allowed to stand at room temperature. Colorless crystals
appeared in about eight weeks. The crystalline product was collected
by ﬁltration, washed with mixture of THF/ether (1:1 v/v), and dried
in a desiccator charged with silica gel. Element analysis of the complex
was carried out on Elementar Analysensysteme GmbH Vario EL (HA-
MAU, Germany) in the state center for spectral analysis in our insti-
tute. Anal. Calc. (%) for [Eu8(L-HVal)16(H2O)32]Cl24 Æ 12.5H2O: C,
20.24; H, 5.59; N, 4.72; Eu, 25.63. Found.: C, 21.07; H, 5.56; N,
4.905; Eu, 26.34. The reason for the observed value outside of the
0.2% tolerance may be due to lanthanide-amino acid complexes sensi-
tive to water and similar cases have been reported for other lanthanide-
amino acid complexes [21]. The averaged Eu value was obtained by
complexometric titrations. MS measurements were performed on an
Applied Biosystems Voyager-DE-STR MALDI- TOF-mass spectrom-
eter (Applied Biosystems Inc., Framingham, MA, USA) in our insti-
tute Mass Spectroscopy laboratory. MALDI-MS (rel intensity, %):
1267.8816 (100.1526) [M/4 + 2H2O + 2Na
+]2+, 899.1435 (91.2469)
[M/4  4H2O  2Val + Na+]+, 877.1186 (84.7258) [M/4  4H2O 
2Val + H+]+. IR: 3356 (s, m(H2O)), 2968 ðs; mð-NHþ3 ÞÞ, 1679 ðs;
mð-NHþ3 ÞÞ, 1633 (s, mas(-COO)), 1498 ðm; dasð-NHþ3 ÞÞ, 1436 (m, ms-
(-COO)), 1357 ðm; sð-NHþ3 ÞÞ, 590 (m, d(-COO)), 545 (m,
q(-COO)) cm1. 1H NMR (600 MHz, D2O) d 3.54 (d, 1H), 2.27–
2.18 (m, 1H), 1.00 (d, J = 6.99 Hz, 3H), 0.95 (d, J = 6.99 Hz, 3H) ppm.
Crystal structure data for [Eu8(L-HVal)16(H2O)32]Cl24 Æ 12.5H2O:
Mr = 4742.56, triclinic, P1, a = 14.0671(8) A˚, b = 18.4047(11) A˚,
c = 19.2342(12) A˚, a = 87.743(3), b = 82.315(3), c = 82.512(3), V =
4891.7(5) A˚3, Z = 1, qcalcd = 1.610 Mg m
3, l = 2.931 mm1, GOF =
1.011, 1.93 < h < 25.02, F(000) = 2381, R1 = 0.0782, wR2 = 0.2024,
1454 parameters, 18761 reﬂections [I > 2r(I)]. Intensity data were col-
lected on a Siemens SMART CCD diﬀractometer with graphite-mono-
chromatic Mo Ka(k = 0.710 73 A˚) radiation at a temperature of
298 ± 2 K. The structure was solved by Direct Methods using the
SHELXTL-97 crystallographic software package and reﬁned by full ma-
trix least-squares on F2. Supporting Table 1 shows the details of the
crystal data reﬁnement and ﬁnal statistics.blished by Elsevier B.V. All rights reserved.
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The various single-stranded oligonucleotides were synthesized by
Sangon (Shanghai, China) and were utilized without further puriﬁca-
tion. PolyrA and other DNA polymers were obtained from Pharmacia
(Piscataway, NJ, USA). The extinction coeﬃcient of each single-
stranded DNA was calculated through the nearest neighbor method
[13].All experiments were carried out in aqueous Tris buﬀer (10 mM
Tris, 100 mM NaCl, pH 7.1) unless noted otherwise. Absorbance mea-
surements were made on a JASCO V-550 UV–Vis spectrophotometer,
equipped with Peltier temperature control accessory. AFM images of
single-stranded 22-mer DNA, polydA at acidic pH 4.1 or at pH 7.0
in the absence or presence of the europium complex at 1:2 ratio of
[complex]/[DNA] were used. Experimental procedure was according
to the literature [14]. Circular dichroism spectra (CD) and CD melting
experiments were measured on a JASCO J-810 spectropolarimeter
equipped with a temperature-controlled water-bath. 1H NMR spectra
were carried out on a Bruker Avance 600 MHz NMR Spectrometer in
D2O at 20 C.
Determination of Binding Constants. DNA binding constants were
determined by absorption titration as described previously [10,15].
Titration data were ﬁt directly by non-linear least-squares methods
to get binding constants, using a ﬁtting function incorporated into
the program FitAll (MTR Software, Toronto). Errors were evaluated
by a Monte Carlo analysis [10,15], using a routine that has been added
to the FitAll package (MTR Software, Toronto).240 270 300 330
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The synthesis and crystallization of [Eu8(L-Val)16(H2O)32]-
Cl24 were described in detail in Section 2. Supporting Table
1 shows the details of ﬁnal reﬁnement of the complex. The cat-
ionic cluster with four independent units exists as an octameric
molecule (Fig. 1A) and the coordination geometry is triclinic.
Our MALDI-MS measurements show that the independent
unit is stable in solution (shown in Section 2). Each europium
is bound to eight oxygen atoms, which are acquired individu-
ally from four valine molecules and four water molecules. This
is in agreement with TGA and DSC data, which showed that0 200 400 600 800
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Fig. 1. (A) Left: Crystal structure of [Eu8(Val)16(H2O)32]Cl24; right:
Equal dimeric unit in the crystal. Carbon: cyan; nitrogen: blue; oxygen:
red; europium: violet. Lattice water, H and chloride ions are omitted
for clarity. (B) Thermogravimetric analysis (TGA) and DSC proﬁles of
the complex.the complex decomposed at 230 C and the coordinated
L-valine was becoming more stable (Fig. 1B).
The DNA and RNA selection derived from diﬀerent types of
nucleic acids [22,23] showed that the complex can cause single-
stranded 22-mer DNA polydA to be self-structured, rather
than cleaved DNA. UV–Vis spectroscopy and circular dichro-
ism were used to study the interaction of the complex with
polydA. DNA maximum absorption was red-shifted 5 nm
and the two CD bands were decreased at 250 and 274 nm
(Fig. 2) indicating the complex bound to DNA [15]. These
characteristics remained even after one week showing that
the self-structure was stable. The DNA binding constant was
determined by absorption titration (Fig. 2C). Non-linear
least-squares analysis of the titration data yielded the binding
constant of 3.01 · 105 M1.
A series of CD spectra at diﬀerent temperatures was mea-
sured for selection of the suitable detection wavelength for
melting studies (Fig. 3A). Two wavelengths, 250 and 274 nm
were selected to observe the melting proﬁle of the single-
stranded 22-mer DNA, polydA in the presence or absence of240 270 300
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Fig. 2. (A) UV–Vis and (B) circular dichroism spectra of single-
stranded 22-mer DNA, polydA in the presence (curve 2) or absence
(curve 1) of the europium complex in Tris buﬀer (10 mM Tris, 100 mM
NaCl, pH 7.1). 1:2 ratio of [complex]/[DNA] was used in the
experiments. [DNA] = 60 lM in base pair. (C) Binding isotherm for
the interaction of the europium complex with 22-mer DNA, polydA in
Tris buﬀer. Curve ﬁtting and determination of binding constant was
carried out using non-linear least-squares analysis.
AB
30 60 90
-8
-6
-4
-2 2
1
250nm 
θ 
(m
de
g)
Temp (oC)
Temp (oC)
C
30 60 90
0
1
2
2
1
θ 
(m
de
g)
274nm
Fig. 3. (A) CD spectra of single-stranded 22-mer DNA, polydA in Tris
buﬀer at diﬀerent temperature. DNA concentration was 60 lM in base.
1:2 ratio of [complex]/[DNA] was used. DNA CD melting proﬁles
measured in the presence (curve 2) or absence (curve 1) of the
europium complex at 250 nm (B) and at 274 nm (C), respectively.
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Fig. 4. (A) PolyrA CD melting proﬁles measured in the presence
(curve 2) or absence (curve 1) of the europium complex at 263 nm. (B)
CD spectra of polyrA with the europium complex. Total concentration
of the complex (in units of ([Eu2Val4]/2)) and DNA (in units of base)
was held constant at 60 lM over the course of the titration. (C) Job
plot of the europium complex with polyrA in Tris buﬀer (10 mM Tris,
100 mM NaCl, pH 7.1).
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change of Tris buﬀer in which we use for metal complex–
DNA studies with temperature, the complex alone and DNA
itself were checked under the same conditions, respectively.
No transition was observed for the complex alone (data not
shown). For DNA itself, there was no transition either
(Fig. 3B and C). However, an unambiguous cooperative tran-
sition at 46 C was observed in the presence of the complex.
Control experiments using EuCl3 and valine molecules were
also performed under the same conditions. However, euro-
pium ions and the amino acid itself did not show this eﬀect.
In the presence of the complex, the sigmoidal melting curve,
similar to the cooperative transition of a duplex DNA, was
unusual for the non-cooperative release of the complex bound
to single-stranded DNA polydA, indicating that polydA forms
a self-structure with base pairing in the presence of the euro-
pium complex.
We observed similar results of this complex bound to single-
stranded RNA. PolyrA shows a cooperative transition at 57 C
in the presence of this complex (Fig. 4A), inferring polyrA and
polydA self-structured with similar base pairing in the presence
of this complex. Although the exact structural transition mech-
anism is not clear, several factors may play important roles inEu–valine complex inducing polydA and polyrA self-struc-
tured. For example, the favorable electrostatic interaction be-
tween the phosphate backbone and the free amino groups of
Valine and Eu ions; another important issue concerning inter-
actions between DNA and the Eu–valine complex is the rela-
tive energetic preference of the various ion-pair sites in the
bases [20,24,25] and the N7 sites of adenine residues have been
considered as metal common binding sites since they are ex-
posed and accessible for metal ion binding. The ability of
Eu–valine complex which could induce polydA and polyrA
self-structured might be duo to the unique structure of the
complex and the complex DNA structural selectivity will be
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Fig. 5. (A) Job plot of the europium complex with single-stranded 22-
mer DNA, polydA. Total concentration of the complex (in units of
([Eu2Val4]/2)) and DNA (in units of base) was held constant at 60 lM
over the course of the titration. (B) Cooperative binding curve of the
europium complex bound to DNA in Tris buﬀer. The DNA concen-
tration (60 lM) was ﬁxed and titrated by the europium complex. (C)
1H NMR spectra of the europium complex (curve 3); the europium
complex with single-stranded 22-mer DNA, polydA at the binding
ratio of 1:2 (curve 2) and the single-stranded 22-mer DNA, polydA
(curve 1) in D2O at 20 C. For details, see Section 2.
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acid complex, europium–L-aspartic acid complex in the later
section. As shown in Fig. 1, the independent unit of the cat-
ionic cluster consists of two Eu ions and four valine molecules
and eight water molecules. It would make possible that the
complex bind two adenine bases from two single-stranded
polydA and cause the complex assembly alone the DNA mol-
ecules facilitating the single-stranded polydA self-structured, in
a similar way like a small organic crescent-shaped molecule,
coralyne which can cause polydA to form a duplex with A.A
base pairs [26]. Our recent studies [27] show that coralyne
can also induce polyrA to form coralyne dependent secondary
structure with a melting temperature of 60 C for the condi-
tions of our study. Therefore, it may share one possible mech-
anism for the self-structuring of polydA and polyrA in the
presence of the complex.
However, diﬀerent DNA structural selectivity was found for
another europium amino acid complex, europium–L-aspartic
acid complex although the DNA binding aﬃnity is in the same
range [20]. Europium–L-aspartic acid complex is a cubane-like
complex which can selectively stabilize non-B form DNA
polydApolydT but destabilize poly[dGdC]:poly[dGdC] and
poly[dAdT]:poly[dAdT] [20]. Further studies show that the cu-
bane-like europium–L-aspartic acid complex can convert B-
form poly[dGdC]:poly[dGdC] to Z-form under the low salt
condition at physiological temperature 37 C, and the transi-
tion is reversible, in a similar way like RNA polymerase which
makes unwound DNA to Z-DNA and converts back to B-
DNA after transcription [20]. This shows that the DNA selec-
tivity of europium amino acid complex is related not only to
the electrostatic interaction between the phosphate backbone
and the free amino groups ð-NHþ3 Þ of amino acids and Eu ions,
but also to the property of amino acids and the structure of the
complex. The detailed structural studies are clearly needed to
clarify their DNA diﬀerent selectivity. A series of europium
amino acid complexes should be synthesized and crystalized
at physiological conditions.
In order to study the nature of the interaction between euro-
pium–L-valine complex and the polydA self-structure, we con-
ducted binding stoichiometry studies with a continuous
variation method. We only observed a 1:1 binding mode in
its job plot (Fig. 5A). This indicates that one europium (in
units of [Eu2Val4]/2) bound to one nucleotide base. For polyrA
(as shown in Fig. 4B and C), like polydA, only one binding
mode was found, however, the binding stoichiometry is one
europium (in units of [Eu2Val4]/2) bound to two nucleotide
base which was diﬀerent from polydA.
Another evidence to support 1:1 binding of the complex with
polydA is from our DNA titration experiments in which the
DNA concentration was ﬁxed and titrated by the complex.
The titration result showed a sigmoidal-shaped cooperative
binding with a transition at a 1:1 ratio of 32 lM in units of
[Eu2Val4]/2 to 30 lM in units of base (Fig. 5B). In a series of
NMR experiments, line broadening and chemical shift changes
in the DNA resonances indicated that the complex was associ-
ated with DNA (Fig. 5C), in consistence with previous reports
that europium compounds have been used as shift reagents
and they can cause large chemical shift of the substract in
the downﬁeld direction range from 50 to 70 ppm [28,29]. This
may be the reason why the peaks in the DNA region were not
observed in the presence of Eu–valine complex in the range 0–
9 ppm. However, the resultant precipitate of the complex withDNA at high concentration rendered two-dimensional experi-
ments uninformative.
In summary, DNA is polymorphic and can exist in a variety
of distinct conformations [30–32]. Facilitating structural tran-
sitions in DNA is certainly a good way to probe the biological
function of particular DNA transient structure [33]. We found
that a europium–amino acid complex can bind to single-
stranded polydA and lead to self-structured DNA. Previous
studies have shown that a small organic crescent-shaped mol-
ecule, coralyne, can cause polydA to form a duplex with AÆA
base pairs [26,27], and polydA itself has been reported to form
a self-structure with A+ÆA+ base pairing [34,35] under slightly
acidic condition (pH 4.1). The CD spectrum for polydA with
the europium complex has characteristics, which resemble
the CD spectrum of the acidic self-structure of polydA [34].
Therefore, it is reasonable to form the same or similar duplex
structure under our conditions. We are aware that there are a
number of ways for adenines to form hydrogen bonded AÆA
base pairings. Further structural studies are needed to deter-
mine the actual DNA structure in the presence of the europium
complex. This opens a new avenue for the design and synthesis
of the lanthanide and natural ligand complex at physiological
3730 H. Zhang et al. / FEBS Letters 580 (2006) 3726–3730conditions as probes that target speciﬁc gene sequences. To the
best of our knowledge, we are reporting for the ﬁrst time that a
metal–amino acid complex can cause the self-structuring of
single-stranded DNA and RNA.4. Supplementary data
Supporting Table 1 summaries the crystal data and structure
reﬁnement parameters.
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